The tungsten deposit region of South China is well known as the world's leading tungsten (W) producer. The Piaotang tungsten deposit in the region is such a representative large-scale quartz vein type tungsten polymetallic deposit that is closely associated with granitoids. In the present study we present precise LA-ICP-MS zircon U-Pb dating and LA-MC-ICPMS zircon Hf isotopic data for the samples from exposed quartz diorite body and buried granite stock in the Piaotang tungsten deposit area. Zircon U-Pb dating results indicate that the quartz diorite body was formed in Early Paleozoic time at 439 ± 2 Ma, whereas the granite body was emplaced in Early Yanshanian time at 158 ± 3 Ma. Both the quartz diorite and granite have negative ε Hf (t) values, with similar two-stage zircon Hf model ages ranging from 1.8 to 2.1 Ga. Through integration of our new data with the isotope data of Precambrian basement rocks in western Cathaysia, we suggest that the Paleoproterozoic Hf model ages (1.8-2.1 Ga) might be an average age which resulted from mixing of continental materials of different ages. Both the Piaotang Early Paleozoic quartz diorite and Early Yanshanian granite are produced by reworking of the heterogeneous Neoproterozoic crust. Our zircon ages, together with the geochemical data and geological features and ore-forming ages of this tungsten deposit, indicate that the buried Early Yanshanian granite, rather than the exposed quartz diorite, is genetically associated with tungsten mineralization.
INTRODUCTION
The granitoids of South China, characterized by complex geological setting and the close relationship with endogenic metal mineralization, have drawn wide interests of geologists over the last several decades. The features of these granitoids can be briefly summarized as follows (Jahn et al., 1990; Zhou, 2003; Wang and Shen, 2003; Zhou et al., 2006; Xu, 2008) : (1) Vast granitoids are widely distributed throughout South China, and Mesozoic granitoids have the largest outcrop areas, covering a total area about 135,300 km 2 ; (2) The granitoid magmatic activities have been operative for about 1 billion years since Neoproterozoic time. Episodic tectonic events were accompanied by repeated emplace-thermal alteration and granitoid affiliation. Accurate knowledge of temporal and spatial distribution of granites is critical to the research of regional mineralization.
The southern Jiangxi Province is the host of the most important tungsten district of South China. All the tungsten deposits are restricted in a 17 km long and 3~5 km wide NNE tungsten-tin polymetallic mineralization belt, i.e., Xihuashan-Zongshukeng mineralization belt (Mei, 1985; Wu et al., 1987) . The Piaotang tungsten deposit is a representative large-scale quartz vein type tungsten polymetallic deposit in this belt. The granitoids in this mining area include exposed quartz diorite body and buried stock-like granite body. Previous isotopic dating results indicated that the quartz diorite body and granite body might have different ages. Shan (1976) reported a K-Ar method age of 274 Ma for the quartz diorite; Wu et al. (1987) obtained a K-Ar age of 155.7 ± 1.8 Ma for the granite; and a new study by Zhang et al. (2009) provided a TIMS U-Pb zircon age of 161.8 ± 1.0 Ma for the granite. However, Shan (1976) and Wu et al. (1987) did not provide detailed isotope data for careful evaluation, even there was no age error presented in the result of Shan (1976) . The K-Ar ages might be affected by later stage thermal disturbance, precise and accurate dating is therefore still needed for the Piaotang quartz diorite and granite. In addition, it is not clear whether quartz diorite or later granite activity is directly associated with tungsten mineralization. Another unanswered question is whether or not there is any genetic relationship between these two magmatisms. Solving these problems is also beneficial to tungsten polymetallic deposit exploration. We thus conducted detailed zircon U-Pb, Hf isotopic and whole rock geochemical studies on the quartz diorite and granite from the Piaotang tungsten deposit area, in order to determine their crystallization ages and to gain more insights into their magma sources and the relationship between magmatic processes and tungsten mineralization. Meanwhile, the geochemical data of nearby tungsten mineralized Dajishan granite (151.7 ± 1.6 Ma, Zhang et al., 2006) and metallogeny barren Wuliting granite (237.5 ± 4.8 Ma, Qiu et al., 2004) are integrated for comparison.
GEOLOGICAL SETTING
Most of the tungsten deposits of South China are located in the adjacent area of Jiangxi, Hunan and Guangdong Provinces, in particular in the Nanling region (Xu et al., 1984) . The deposit types include quartz vein type, granite type, greisen type, skarn type, strata bounddisseminated type, and fracture zone type (Tanelli, 1982) . The Piaotang tungsten deposit is located in Zuoba Town of Dayu County in southern Jiangxi Province, which is in the northern section of Xihuashan-Zongshukeng NNE tungsten-tin polymetallic mineralization belt. It is a largescale quartz vein type tungsten polymetallic deposit, composed mainly of wolframite and cassiterite. Valuable quantities of Mo, Bi, Cu, Pb, Zn are also discovered in the mine. The exposed strata of the mining area consist mainly of Middle-Upper Cambrian metamorphic rock series made up of low-grade metamorphic sandstone, slate and Chen and Jahn, 1998) Shan, 1976) . a small amount of siliceous slate, with minor sporadicallydistributed Devonian sandy gravel ( Fig. 1) (Jiangxi, 1984) . The Piaotang tungsten deposit is composed of hundreds of ore-bearing quartz veins densely distributed in the low-grade metamorphic wall rocks, and extend downward into the buried granite body (Mei, 1985) . The tectonic history is complex. A strong fold belt was formed in Early Paleozoic, and then the fault structures were highly developed during early Yanshanian stage, mainly consisting of the apparent EW trending faults and NE trending faults.
. (a) Sketched geological map showing the major tectonic scheme of South China and the location of studied area (after

. Also shown are the locations of two metamorphic basements exposed in vicinity of the study area, the Tanxi gneiss and Xunwu gneiss. (b) Simplified geological map of the Piaotang tungsten deposit (modified after
Igneous rocks in this mining area include exposed quartz diorite body and buried stock-like granite body which is hidden below 300 meters level (Shan, 1976) . The quartz diorite body is situated in the north part of the mining area, forming a tumor-like intrusion with exposure area of ~3 km 2 . The south part of the quartz diorite body intrudes the Cambrian strata, and the north part shows fault contact with the Devonian Tiaomajian Formation. Metamorphism has not developed in the contact zones. The grain size increases towards the center of the body from fine-grained to medium-grained, along with decreasing quartz content. The buried granite body intrudes the low metamorphic Cambrian pelitic and sandy rocks. The boundary between granite and wall rocks is sharp, and contact metamorphism is well developed. Hornfels is widespread in wall rocks. The granite body is mainly composed of two transitional rock types (Mei, 1985) : fine-grained porphyritic monzogranite and medium-grained porphyritic K-feldspar granite.
Samples of this study were all collected from the mine tunnels. The quartz diorite sample was collected from the 15th exploration line 556 meter elevation. They are greygreen in colour, medium-grained, and rarely porphyritic. The dominant minerals are feldspars, with some Kfeldspar grains showing Carlsbad law twin. The volume content of quartz is 10% and forms interstitial grains. The mafic minerals are about 25%, mainly consisting of biotite and hornblende. Accessory minerals are Fe-Ti oxides, apatite, titanite and rare zircon. The rocks have undergone extensive hydrothermal alterations. Feldspar was partly replaced by sericites and chlorites. Hornblende was altered by biotitization and chloritization (Fig. 2a) . The granite samples were collected from the 7th exploration line at elevation 268 meters between the III 2 ore belt and III 1 ore belt, and the rock type is medium-grained porphyritic K-feldspar granite. It is grey in colour, porphyritic in texture. The phenocrysts are mainly composed of orthoclase and quartz. The matrix is mediumgrained and mainly consists of quartz (~35%), orthoclase (~45%), muscovite (~15%) and plagioclase (~3%; An = 20) (Fig. 2b) .
ANALYTICAL METHODS
Zircons were separated using standard density and magnetic separation techniques. Random zircon grains were hand-picked under a binocular stereomicroscope and were mounted in epoxy in 1.4 cm diameter circular grain mount. The mount was then polished to section the crystals in half for analysis. In order to characterize the internal structures of the zircons and to choose potential target sites for U-Pb dating and Hf analyses, back scattered electron (BSE) and Cathodoluminescence (CL) images have been obtained using a JEOL JXA-8100 microprobe at the State Key Laboratory of Mineral Deposits Research, Nanjing University. The operating conditions were: 15 kV accelerating voltage, 20 nA beam current.
Zircon U-Pb analyses were carried out on an Agilent 7500a ICP-MS equipped with New Wave Research 213 nm laser ablation system at the State Key Laboratory of Mineral Deposits Research, Nanjing University. The la- 232 Th and 238 U were collected for age determination, and the dwell time of per isotope are 15, 30, 10, 10, 15 ms, respectively. Data were acquired on five isotopes using the instrument's time-resolved analysis data acquisition software. Mass discrimination of the mass spectrometer and residual elemental fractionation were corrected by calibration against a homogeneous zircon standard, GEMOC/GJ-1 (609 Ma; Jackson et al., 2004) , which was used as a primary standard. The raw ICP-MS data were exported in ASCII format and processed using GLITTER (Van Achterbergh et al., 2001) , an in-house data reduction program. GLITTER calculates the relevant isotopic ratios, ages and errors. Errors in isotopic ratios include contributions from the uncertainties in background and signal for unknowns and standards and an assumed 1% error (1σ) is assigned to the given values of the isotope ratios for the standard and propagated through the error analysis. Detailed analytical procedures are similar to those described by Jackson et al. (2004) . Samples are analyzed in "runs" of ca. 18 analyses, which include 10-12 unknowns, bracketed by two to four analyses of the standard. The "unknowns" include 2 analyses of well-characterized zircon, Mud Tank (TIMS age = 732 ± 5 Ma; Black and Gulson, 1978) which was analyzed frequently as an independent control on reproducibility and instrument stability. Eight analyses of Mud Tank during this study yielded a 206 Pb/ 238 U age of 732 ± 19 Ma (mean ± 2 S.D.). Common Pb was corrected according to the method proposed by Andersen (2002) . The analyses presented here have been corrected assuming recent lead-loss. The age calculations and plotting of Concordia diagrams were made using Isoplot (ver. 2.49) (Ludwig, 2001 ). The concentrations of U and Th in each analytical spot were derived by comparison of background-corrected count rates with mean count rates on the GJ-1 standard, which has mean U and Th contents of 330 and 8 ppm, respectively.
Zircon Hf isotope analyses were carried out in situ by a New Wave Research 213 nm laser-ablation system plus a Nu Plasma MC-ICPMS at the State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences in Guiyang. The detailed procedure has been reported by Tang et al. (2008) and a brief description was presented here. The Nu Plasma MC-ICP-MS features a unique geometry with a fixed detector array of 12 Faraday cups and 3 ion counters; for this work we analyzed masses 171 and 173-179 simultaneously in Faraday cups. A 10 Hz repetition rate, beam diameter of 60 µm, and pulse energy density of ~4. .27 J/cm 2 were used. Data were collected by using time-resolved analysis (TRA) method, and the ablation times were about 60 s after 30 s blank measurements. The measurement integration time was 0.2 s. The ablated materials were transported first by carrier gas (Chu et al., 2002) , and β Lu = β Hf (Iizuka and Hirata, 2005) Iizuka and Hirata (2005) . During the course of data acquisition in this study, replicates of the standard zircon 91500 gave a mean value of 176 Hf/ 177 Hf = 0.282304 ± 28 (2 S.D., n = 27). Analyses on zircon standard TEMORA have been carried out by Tang H. F., yielded a mean 176 Hf/ 177 Hf ratio of 0.282678 ± 29 (2 S.D., n = 6), which is in good agreement with the analytical results in other laboratories, e.g., analyses by Woodhead et al. (2004) (Griffin et al., 2000) . We also present a two-stage model age (T DM2 ) for each zircon, which assumes that its parental magma was produced from an average continental crust ( 176 Lu/ 177 Hf = 0.015) that originally was derived from the Depleted Mantle (Griffin et al., 2002) .
Whole rock major elements were analyzed using an ARL9800XP+ X-ray fluorescence spectrometer (XRF) at the Centre of Modern Analysis, Nanjing University, following the procedures described by Franzini et al. (1972) . The analytical precision is generally less than 2%. The glass discs were prepared by fusion of a mixture of 0.6 g sample powder and 6.6 g lithium borate. Trace element concentrations were determined with an ELAN 6000 ICP-MS at the Institute of Geochemistry, Chinese Academy of Sciences in Guiyang, following procedures described by Qi et al. (2000) . The precision was generally better than 5% for most trace elements. Analyses of international standards OU-6 and GBPG-1 are in agreement with recommended values (Thompson et al., 2000; Potts and Kane, 2005) .
RESULTS
Zircon U-Pb geochronology
Zircons separated from quartz diorite (PT18) are transparent, light yellow in color, and 80-120 µm in size, with some oscillatory zoning and no inherited cores (Fig. 3a) . Analyses of 17 zircon grains from quartz diorite were obtained. Their Th/U ratios mostly range from 1.09 to 1.99 (Table 1) , indicating an igneous origin (Hoskin and Schaltegger, 2003) . All the analyses are plotted on or nearby the concordia curve as a coherent group. They yield 206 Pb/ 238 U ages between 437-441 Ma, with a mean 206 Pb/ 238 U age of 439 ± 2 Ma (2 S.D.) ( Fig. 4a ), which is taken as the crystallization age. Therefore, the Piaotang quartz diorite was formed in Early Paleozoic time, rather than previously reported Late Paleozoic time (274 Ma) (Shan, 1976) . The new age is consistent with the intrusive ages of the Doushui granite (432-474 Ma), situating only ~30 km to the north of the present study area (Mao et al., 2008) .
Zircons separated from K-feldspar granite sample (PT06) are euhedral and light brown in color, typically 150-230 µm long and 80-120 µm wide, with concentric oscillatory zoning, lacking inherited cores (Fig. 3b) . Their Th/U ratios are high and in the range of 0.36 to 1.00 (Table 1). The 18 analyses are tightly grouped and concordant, defining a mean 206 Pb/ 238 U age of 158 ± 3 Ma (2 S.D.) (Fig. 4b) , which is interpreted as the crystallization age for the Piaotang granite. This age is in agreement with the whole rock K-Ar age of 155.7 ± 1.8 Ma reported by Wu et al. (1987) and the TIMS U-Pb zircon age of 161.8
Fig. 4. Zircon U-Pb concordia diagrams for the Piaotang quartz diorite (a) and K-feldspar granite (b).
Analysis Th U Th/U Isotopic ratio Age (Ma) (ppm) (ppm) Zhang et al. (2009) . Our zircon ages thus further reveal that although the Piaotang granite and the quartz diorite occur in close association, they are not the products of contemporary magma activities.
Zircon Hf isotopes
Because zircon has high hafnium concentrations and low Lu/Hf ratios, correction for in situ radiogenic growth in zircons, in particular in young zircons, is negligible. In addition, the Lu-Hf isotopic system can elucidate the nature of magma sources and the magma mixing processes (Griffin et al., 2002; Yang et al., 2007) . Fourteen zircons from quartz diorite sample (PT18) have been analyzed for Hf isotopic compositions, yielding a narrow range of initial 176 Hf/ 177 Hf ratios between 0.282243 and 0.282343, and ε Hf (t) values between -9.4 and -5.8 (Table  2; Figs. 5 and 6). The ε Hf (t) values show unimodal distribution (Fig. 5 ) in spite of a little wide variation range. Their T DM model ages are between 1.28 and 1.44 Ga, and T DM2 model ages vary from 1.78 to 2.00 Ga (Fig. 7) .
Thirteen spots of Hf isotopic analyses were carried out for zircons from K-feldspar granite sample (PT06). They have initial 176 Hf/ 177 Hf ratios between 0.282280 and 0.282332, yielding ε Hf (t) values between -14.4 and -12.5 (Figs. 5 and 6 ). They show unimodal distributions and reveal a symmetrical bell curve in the frequency distribution diagram (Fig. 5) . This corresponds to T DM ages between 1.29 Ga and 1.42 Ga, similar to the T DM ages for quartz diorite. Their calculated T DM2 model ages range between 1.97 and 2.09 Ga, which are almost identical with those of the quartz diorite (Fig. 7) .
Major and trace elements
Major and trace element compositions of the Piaotang (Table 3) , and the composition of the most silicic one is similar to that of Wuliting granite (Fig. 8) . In the chemical variation diagrams, most of the major element oxides vs. silica variation show negative correlation for the Piaotang quartz diorite and granite ( Fig. 8 shows SiO 2 vs. CaO, Fe 2 O 3 , Al 2 O 3 , and P 2 O 5 variations), suggesting a close genetic relation between the Piaotang quartz diorite and granite. The Piaotang K-feldspar granite and monzogranite are high in LREE and HREE abundance. They are characterized by nearly flat to moderately HREE-enriched patterns (Fig. 9a) , with clear tetrad effect and pronounced Eu negative anomalies (Eu/Eu* = 0.01-0.06). The TE 1,3 value that characterizes degrees of the tetrad effect (Irber, 1999) ranges from 1.02 to 1.10 (Table 4 ). The spidergrams of the granites show strongly enriched in Rb, Th, U and HREE and extremely depleted in Ba, Sr, P, Eu and Ti (Fig.  9b) . In contrast, Piaotang quartz diorite is characterized by higher REE concentrations (∑REE = 143 ppm), enrichment of LREE and depletion of HREE, with (La/Yb) N (Griffin et al., 2002) . The date of Tanxi gneiss and Xunwu gneiss are from Yu et al. (2007) and respectively. (Qiu et al., 2004) . ratio of 9.55. Its chondrite-normalized REE pattern (Fig.  9a) show relative steep slope with an insignificant negative Eu anomalies (Eu/Eu* = 0.79), which is similar to the REE pattern of Wuliting granite. Although characterized by enrichment in Rb, Th, U, K and depletion in Ba, Sr, Ti, the spidergram of the Piaotang quartz diorite is different from that of Piaotang granite but similar to that of Wuliting granite (Fig. 9b) .
Fig. 7. Histograms of Hf model ages for zircons from the Piaotang quartz diorite (a and b) and K-feldspar granite (c and d).
Fig. 8. Major element oxides vs. SiO 2 plots for the Piaotang quartz diorite and granite. Also illustrated for comparison are the fields of Wuliting granite and Dajishan granite in the Dajishan tungsten mine
DISCUSSION
Crustal components of the Cathaysia Block and the nature of magma sources
The South China Block has a complex tectonic history, and is composed of two major Precambrian continental blocks: the Yangtze Block to the northwest, and the Cathaysia Block to the southeast, divided by the Jiangshan-Shaoxing (in Zhejiang) and Pingxiang-Yushan (in Jiangxi) fracture zones (Fig. 1a , Chen and Jahn, 1998) . The Mesozoic volcanic-intrusive rocks are mainly distributed in the Cathaysia Block . The Cathaysia Block can be further divided into the interior parts of Cathaysia (western Cathaysia) and the coastal areas (eastern Cathaysia). The boundary between east and west Cathaysia is roughly along the Zhenghe-Dapu fault as defined by Chen and Jahn (1998) . Recently, Xu et al. (2007) suggest that the eastern and western Cathaysia Block may have different crustal evolution history, on the basis of U-Pb dating and Hf isotope data of detrital zircons separated from sand samples from the Oujiang River (in Zhejiang Province) and the North River (in Guangdong Province). The basement of eastern Cathaysia is dominantly Paleoproterozoic in age (1850-2400 Ma), whereas the crust of western Cathaysia was mainly generated during Neoproterozoic time, although it contains some minor Archean to Mesoproterozoic components (Xu et Wu et al. (1987) ; b Hua et al. (2003) , other samples are from this study.
2007).
With respect to the Precambrian metamorphic basement rocks distributed in western Cathaysia, such as Longchuan gneiss in northeast of Guangdong, Lanhe gneiss and Tanxi gneiss in northern Guangdong, Zengcheng gneiss in central Guangdong, and Xunwu gneiss in southern Jiangxi, their protoliths are all Neoproterozoic sedimentary rocks (Xu et al., 2005; Yu et al., 2006 Yu et al., , 2007 . As for the granulitefacies metamorphic rocks distributed in southwestern Fujian Province and the Yunkai areas which may represent lower crustal component are all parametamorphites, their protoliths are also Neoproterozoic sedimentary rocks (Yu et al., 2006) . Therefore, the ancient Archean to Mesoproterozoic crust which may ever exist in western Cathaysia was completely obliterated through multi-stage crustal recycling and reworking in the evolution process , and even the Neoproterozoic juvenile crust have been efficiently reworked into later continental crust. The major components of middle-lower crust beneath the western Cathaysia are these late Neoproterozoic sedimentary rocks (Yu et al., 2007) .
In the present study, the Early Paleozoic quartz diorite and Early Yanshanian granite have very consistent single-stage zircon Hf model ages in spite of a slight difference in the two-stage zircon Hf model ages (Fig. 7) . Their two-stage Hf model ages of zircons were 1.78-2.00 Ga and 1.97-2.09 Ga respectively, and exhibit a narrow range from 1.78 to 2.09 Ga as a whole (Table 2 ). Because they have negative ε Hf (t) values, two-stage Hf model ages of zircons can reflect the age of their source materials better Wu et al., 2007) . This leads us to favor a direct involvement of a Paleoproterozoic crust in derivation of these rocks. However, the study area is located in western Cathaysia Block, and the protoliths of the metamorphic basement exposed in vicinity of the study Furthermore, the age spectrum of detrital zircons from North River which lies entirely within western Cathaysia also lacks the distribution of Paleoproterozoic ages of 2400-1850 Ma . The foregoing Paleoproterozoic rocks are merely distributed in the eastern Cathaysia block . Therefore, the Piaotang Early Paleozoic quartz diorite and Early Yanshanian granite are likely to be produced by reworking of Neoproterozoic crust, rather than Paleoproterozoic.
As shown in U-Pb zircon age versus ε Hf (t) diagram (Fig. 6) , zircons from the Piaotang Early Paleozoic quartz diorite and Early Yanshanian granite are all located between two crustal evolution lines determined from Tanxi   Sample  PT18  PT03  PT06  PT11 Hua et al. (2003) , other samples are from this study. Degree of the tetrad effect: TE 1,3 = (t1 × t3) 1/2 (Irber, 1999) area are considered to be Neoproterozoic sedimentary rocks, including Tanxi gneiss in Nanxiong region and Xunwu gneiss in Dingnan-Xunwu region (Fig. 1a) . In particular, zircon U-Pb age and Hf isotope studies show that these sedimentary rocks are mainly composed of Grenville and Neoarchean clastic materials and also contain a number of Mesoproterozoic and small amount of late Neoproterozoic and Mesoarchaean components (Yu et al., 2007; . These materials are mainly produced by reworking of ancient crust with minor inputs from juvenile crust ( Fig. 6 ; Yu et al., 2007; , and no Paleoproterozoic crustal basement has been found in the western Cathaysia .
gneiss and Xunwu gneiss. This implies that Piaotang quartz diorite and granite were generated from similar source rocks, their geochemical differences could be caused by fractional crystallization process. Considering the big time gap of ~280 Ma between the emplacement of Piaotang quartz diorite and granite, we therefore suggest that the Piaotang quartz diorite and granite were generated by partial melting of the similar Neoproterozoic crustal source at different time. The Paleoproterozoic Hf model ages (1.8-2.1 Ga) of the samples might be an average age which resulted from mixing of continental material of different ages.
Tungsten mineralization and its relationship to granitic magmatism
It is generally accepted that W and Sn mineralizations are associated with anatectic granitoids with predominant S-type character, although many S-type granitoids are barren and some I-type are associated in particular with W mineralizations (Tanelli, 1982) . South China is a typical area of peraluminous granitoid activity associated with W-Sn-Nb-Ta mineralization (Xu et al., 1984) . Several geologic features as follows can genetically link Piaotang tungsten mineralization to the buried Early Yanshanian granitic intrusion, and support that the ore-forming materials and fluids are mainly produced by the differentiation of Early Yanshanian granitic magma at the late stage of evolution (Shan, 1976; Mei, 1985; Zhang, 1991) . The deposits veins are distributed almost exclusively in the outer contact zone of the Early Yanshanian granite, and ore-rich site is controlled by the spatial shape of granite body. Major minerals of the deposit veins also occur in the Early Yanshanian granite as accessory minerals. Finegrained granitic veins may gradually transform to orebearing quartz veins. Oxygen isotope analysis showed that the Early Yanshanian granite and the ore-bearing quartz veins had consistent δ
18 O values, which of 12.43‰ and 12.18‰, respectively (Mei, 1985) . Therefore, the Piaotang tungsten mineralization bears a close genetic relation to the Early Yanshanian granitic activity.
The issue on the metallogeny age of Piaotang tungsten deposits has been well constrained by a number of geochronological studies. Mu (1990) determined a K-Ar age of 156.8 Ma for tungsten deposit veins; Li et al. (1993) obtained a Rb-Sr age of 150.2 ± 1.4 Ma from fluid inclusions in quartz; Liu et al. (2008) dated the muscovite from quartz veins and yielded an 40 Ar/ 39 Ar age of 158.9 ± 1.4 Ma; and Zhang et al. (2009) reported a 40 Ar/ 39 Ar age of 152 ± 1.9 Ma for the muscovite from ores and a Re-Os age of 151.1 ± 8.5 Ma for molybdenite from ores. These Taylor and McLennan (1985) , the primitive mantle values are from McDonough and Sun (1995) . Data for the Early Mesozoic Wuliting granite are also shown for comparison (Qiu et al., 2004) . Hua et al. (2003) and Qiu et al. (2004) ). Symbols are same as in Fig. 8. available ages indicate that the mineralization age was approximately in the range of 150-159 Ma, and the maximum mineralization age is close to the age of buried granite body determined in this study (158 ± 3 Ma). This provides further evidence for the close relationship between the tungsten mineralization and the buried Early Yanshanian granite.
The most distinct feature of the Early Yanshanian granite is highly differentiated. The extreme evolved nature is well reflected by the high Si, low Ti, Mg, Fe, Ca, Sr, Ba (Figs. 8 and 9) , and very high Rb/Sr ratio ranging from about 23 to 135, which is similar to the tungsten mineralization associated Dajishan granite situated in vicinity of the studied area (Fig. 10) . Furthermore, their REE patterns display with pronounced tetrad effect (Fig. 9) , indicating that they are highly fractionated with interaction of magma and fluids (Bau, 1996; Irber, 1999; Jahn et al., 2001) . As emphasized by Jahn et al. (2001) , the REE tetrad effect is most visible in late stage of magma evolution with strong hydrothermal interactions, and occurs typically in highly evolved magmatic systems which are rich in H 2 O, CO 2 and elements such as Li, B and F and/or Cl. Their atypical low Nb/Ta ratios (2.35-4.69) (Table 4) also demonstrate fluid-magma interaction (Green, 1995) . Studies on the fluid inclusions in the wolframite-bearing quartz veins from the major mineralizing stage of Piaotang tungsten deposit also indicated that the ore-forming fluids consist of dominate magmatic water and minor groundwater . So, it seems reasonable that the tungsten mineralization in Piaotang is related to the late hydrothermal stage of granite magma evolution, which is consistent with the previous suggestions on other typical W-Sn deposit (Breiter et al., 1999; Qiu et al., 2004; Mao et al., 2009) .
In contrast to buried Early Yanshanian granite, the Piaotang Early Paleozoic quartz diorite is barren in mineralization of economic significance. Several observations support this idea, for example, W-bearing quartz veins are merely located exclusively to the south of the body. Ore veins can be observed cutting through the body, showing clear chronological order. In addition, the majority of veins are lower than the outcrop of quartz diorite in elevation (Shan, 1976; Mei, 1985; Zhang, 1991) . Our zircon U-Pb dating of quartz diorite reveals a big time gap of ~280 Ma between its emplacement and the tungsten mineralization, which indicates that W mineralization was not associated to the quartz diorite, although the deposits veins occur in the vicinity of this intrusion. Furthermore, the Piaotang Early Paleozoic quartz diorite is an intermediate-acidic igneous rock, and is characterized by low concentration of SiO 2 , total alkalis but high Rb/Sr ratio and high content of Al 2 O 3 , Fe 2 O 3 , MgO, CaO and P 2 O 5 , without the geochemical signatures of highly differentiated granite. It is geochemically similar to the Early Mesozoic Wuliting granite that is also not related to the mineralization of the Dajishan tungsten Mine (Figs. 8, 9 and 10; Qiu et al., 2004) . This might explain why the Early Paleozoic quartz diorite is barren in mineralization, although zircon Hf isotopic data suggest that the quartz diorite and Early Yanshanian granite may have the similar magma source.
The role of intraplate tectonism in the metallogeny of the Piaotang Tungsten deposit
Why did the Early Paleozoic quartz diorite undergo only low degree fractionations? An important fold orogeny in Early Paleozoic in South China resulted in the formation of granitoids that are mainly distributed in the areas of southern Jiangxi Province and Wuyi Mountain. They are usually in situ to semi-in situ rocks, and were generated by decompressing melting of tectonically over-thickened crust in deep and closed non-extensional environment (Zhou, 2003; Wang and Shen, 2003; Zeng et al., 2008) . By contrast, it is well constrained that the tectonic setting of South China in Early Yanshanian is an intraplate extensional regime Chen et al., 2008) . The Early Yanshanian granitoids are mainly distributed in hinterland, extending northeasterly discretely, with an exception that EW-trending in the Nanling region. Minor amounts of Early Yanshanian syenites, gabbros, and bimodal volcanic rocks are associated with the EW-trending granitoid belts . All these exhibit distinct geodynamic regime of crustal melting controlled by asthenosphere upwelling .
Middle-Late Jurassic time is the important metallogenic period in SE China. The metallogeny mainly encompasses two styles of ore systems, i.e., W-Sn polymetallic deposits; skarn and porphyry copper deposits (Mao et al., 2009) . These W-Sn polymetallic deposits are all associated with highly fractionated granitoids. Some of the granites have high Ga/Al values and Zr, Nb, Ce and Y concentrations, similar to the A-type granitoids (Zhu et al., 2008; Jiang et al., 2008) . The skarn and porphyry copper deposits associated with porphyries mainly occur in the northeastern Jiangxi Province. The famous Dexing large-scale porphyry copper deposit is such a representative of them which is closely associated with Early Yanshanian adakitic porphyries . Both the two styles of ore systems are associated with the intraplate magmatic events, upwelling asthenospheric mantle played the dominant role in magma generation and related metallogeny Zhu et al., 2008; Jiang et al., 2008; Pirajno et al., 2009 ).
As mentioned above, the spatially accompanied Piaotang Early Paleozoic quartz diorite and Early Yanshanian granite were produced by reworking of the Neoproterozoic crust, and they shared the same country rocks of Cambrian strata. Thus the protolith compositions and country rocks could not be the critical factors for their distinct metallogenic capacity. Their contrasting metallogenic endowments can be ascribed to the different degrees of magma differentiation, and the extent of magmatic differentiation is ultimately constrained by the tectonic setting and the mechanism of magma generation. The Early Paleozoic quartz diorite was generated by decompressing melting of over-thickened crust, while the Early Yanshanian granite was generated by partial melting of the similar crustal component induced by intra-or underplating of mafic magmas under extensional regime. The upwelling asthenosphere provided sufficient heat for partial melting of the crust through the intra-or underplating of mafic magmas, and enhanced the geothermal gradients. Thus the granitic magmas could undergo significant differentiation to form the related W mineralization (e.g., Breiter et al., 1999; Pirajno et al., 2009) . Therefore by comparing the relationship between two different stages of granitoid magmatism and W mineralization in Piaotang deposit area, it is recognized that the regional tectonic setting and lithosphere dynamics might be the key factors in metallogenic capacity of South China granite. In the future it is worthwhile to investigate whether or not there is plagioclase-rich accumulation differentiated from the early Yanshanian granite magma in the deeper crust. The three-dimensional distribution of the buried granite is a critical factor in prospective regional mineral exploration.
CONCLUSIONS
The crystallization age of the Piaotang quartz diorite is 439 ± 2 Ma, which indicates that it was formed in the Early Paleozoic rather than previously reported Late Paleozoic time. The age of buried granite is 158 ± 3 Ma. The Early Paleozoic quartz diorite and Early Yanshanian granite have similar Paleoproterozoic zircon Hf model ages, and both of them were derived from Neoproterozoic crust which contains ancient recycled materials. Through integration of the geological characteristics of Piaotang tungsten deposit and the information of ore-forming ages, this study provides further evidence for the close genetic relationship between tungsten mineralization and buried Early Yanshanian granite. The Early Paleozoic quartz diorite is not related to the mineralization. The contrasting features in metallogenic endowments can be ascribed to the different degrees of magma evolution. The Early Yanshanian granite is highly differentiated and shows many aspects of the features of tungsten-tin polymetallic deposits related granitoids in South China. The extents of magmatic evolution are controlled by the tectonic setting and the genetic mechanism of granitoid magma. In essence, the regional tectonic setting and lithosphere dynamics might be the key factors in the mineralization capacity of granitoids in South China.
